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We analyze the chargino contributions to the CP violating ratio ǫ′/ǫ in the left-right
supersymmetric model. We study the possibility that these contributions alone can sat-
urate the experimental value of ǫ′/ǫ. We derive conservative bounds on supersymmetric
flavor violation parameters in the up squark LL, RR, LR and RL sectors, using the mass
insertion approximation. While the LL bounds are found to be consistent with the MSSM
values, the LR constraints are new and much stronger.
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1 Introduction
CP violation is still a basic problem to answer in particle theory and a good probe of new
physics beyond the Standard Model (SM). CP violation was first discovered in the kaon
system [1], and recently confirmed in the B-system [2, 3], where assumptions about the
gauge structure would be verified. There are two CP violation parameters in the kaon
system: the indirect CP violation parameter ǫ, which follows from the mass eigenstates
of K0 and K
0
and is given by the imaginary parts of the diagrams leading to the mass
difference ∆MK , and the direct CP violation parameter ǫ
′, which describes the decay of
K → 2 π.
The direct CP violation had been confirmed by [4], the world average value for the
CP violating ratio ǫ′/ǫ is [5]
Re(ǫ′/ǫ) = 1.8± 0.4× 10−3. (1)
Even there are large theoretical uncertainties and experimental errors associated with
it , ǫ′/ǫ can put stringent constraints on extensions of the SM, as for instance general
supersymmetric models [6], models with anomalous gauge couplings [7], four-generation
models [8] and models with additional fermions and gauge bosons [9].
In Ref. [10] we studied ∆S = 2 processes in the kaon system and evaluated ∆MK
and ǫ in the left-right supersymmetric model (LRSUSY) as a scenario for new physics.
In this paper we extend the analysis to ∆S = 1 processes and put more constraints on
the LRSUSY parameter space and CP violation by calculating ǫ′/ǫ.
There are two kinds of diagrams leading to ∆S = 1 processes: box and penguin
diagrams. (As opposed to ∆S = 2 processes, which are mediated by box diagrams alone.)
The exchange particles in general supersymmetric models can be gluinos, neutralinos and
charginos. The gluino contributions have been studied widely in literature [11], while
chargino contributions have not received much attention, mainly due to its strong model-
2
dependence [12]. The gluino and neutralino contributions put constraints on squark
mixings in the down sector; there gluino contributions are dominant and therefore the
bounds are sensitive to the QCD sector in the model. Studying the chargino contributions
would constrain the mixing in the up squark sector, independent of the down sector, and
thus test models with different electroweak symmetries than the MSSM, in particular the
LRSUSY. This is the goal of the present article.
Our paper is organized as follows: in section II, after a short description of the model,
we give complete analytical results for the chargino contributions to ǫ′/ǫ. We follow by
presenting numerical analysis in section III. We reach our conclusions in section IV, and
in the appendix we give a summary of the chargino mixing in the LRSUSY, as well as
the loop and vertex functions used, for self-sufficiency of the paper.
2 The analytic formulas
2.1 Effective Hamiltonian for ∆S = 1 processes in the LRSUSY
The left-right extension to the supersymmetric standard model is based on the gauge
group SU(3)C × SU(2)L × SU(2)R × U(1)B−L [13]. The model has chiral superfields in
left and right handed doublets. The Higgs sector consists of two bidoublet and four triplet
Higgs superfields. The bidoublet Higgs superfields exist in all versions of LRSUSY and
break the symmetry group to SU(2)L×U(1)Y . Additional Higgs representations needed
to break SU(2)R symmetry are commonly chosen to be triplets which support the seesaw
mechanism. One needs to double the number of Higgs fields with respect to the non-
supersymmetric version to ensure anomaly cancellations in the fermionic sector. The
superpotential involving these superfields is
W = Y
(i)
Q Q
TΦiiτ2Q
c +Y
(i)
L L
TΦiiτ2L
c + i(YLRL
T τ2∆LL+YLRL
cT τ2∆RL
c)
+µLR [Tr(∆LδL +∆RδR)] + µijTr(iτ2Φ
T
i iτ2Φj). (2)
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In addition, flavor and CP violating effects arise from the the soft supersymmetry break-
ing terms
Lsoft =
[
AiQY
(i)
Q Q˜
TΦiiτ2Q˜
c +AiLY
(i)
L L˜
TΦiiτ2L˜
c + iALRYLR(L˜
T τ2∆LL˜+ L
cT τ2∆RL˜
c)
+ m
(ij)2
Φ Φ
†
iΦj
]
+
[
(m2QL)ijQ˜
†
LiQ˜Lj + (m
2
QR
)ijQ˜
†
RiQ˜Rj
]
+
[
(m2L)ij l˜
†
Lil˜Lj + (m
2
R)ij l˜
†
Ri l˜Rj
]
− M2LR [Tr(∆RδR) + Tr(∆LδL) + h.c.]− [BµijΦiΦj + h.c.]. (3)
We parameterize all the unknown soft breaking parameters coming mostly from the
scalar mass matrices using the mass insertion approximation [14]. We choose a basis
for fermion and sfermion states in which all the couplings of these particles to neutral
gauginos are flavor diagonal and parameterize flavor changes in the non-diagonal squark
propagators through mixing parameters (δqij)AB, where i, j = 1, 2, 3 and A,B = L,R.
The dimensionless flavor mixing parameters used are
(δqij)LL =
(m2q˜,ij)LL
m2q˜
, (δqij)RR =
(m2q˜,ij)RR
m2q˜
,
(δqij)LR =
(m2q˜,ij)LR
m2q˜
, (δqij)RL =
(m2q˜,ij)RL
m2q˜
, (4)
where m2q˜ is the average squark mass and (m
2
q˜,ij)AB are the off-diagonal elements which
mix squark flavors for both left- and right- handed squarks with q = u, d.
The contributions to ∆S = 1 processes are given by the effective Hamiltonian
H∆S=1eff =
∑
i
[Ci(µ)Qi(µ) + C˜i(µ)Q˜i(µ)], (5)
where the relevant operators entering the sum are
Q3 = d
α
Lγµs
α
L
∑
q=u,d,s
qβLγ
µqβL,
Q4 = d
α
Lγµs
β
L
∑
q=u,d,s
qβLγ
µqαL,
Q5 = d
α
Lγµs
α
L
∑
q=u,d,s
qβRγ
µqβR,
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Q6 = d
α
Lγµs
β
L
∑
q=u,d,s
qβRγ
µqαR,
Q7 =
Qde
8π2
msd
α
Lσ
µνsαRFµν ,
Q8 =
g
8π2
msd
α
Lσ
µνtaαβs
β
RG
a
µν , (6)
where qR,L = PR,Lq with PR,L = (1±γ5)/2, and α, β are color indices. The operators Q˜i
are obtained from Qi by the exchange L ↔ R. Because of the left-right symmetry, we
must consider all contributions from both chirality operators. We neglect the higgsino
couplings (proportional to ms or md) and include single mass insertion only. To this
order, the contributions are
Ci = C
box
i + C
g−penguin
i + C
γ−penguin
i + C
Z−penguin
i , (7)
with
Cbox4 =
α2W
m2q˜
4∑
i,j=1
3∑
a,b=1
|Vi1|2|Vj1|2K∗a2Kb1B(1)χ˜−(xχ˜−i q˜, xχ˜−j q˜)(δ
u
ab)LL,
Cbox5 =
α2W
2m2q˜
4∑
i,j=1
3∑
a,b=1
|Vi1|2|Vj1|2K∗a2Kb1B(2)χ˜−(xχ˜−i q˜, xχ˜−j q˜)(δ
u
ab)LL,
Cg−penguin3 = −
αsαW
3m2q˜
4∑
i=1
3∑
a,b=1
|Vi1|2K∗a2Kb1fg(xχ˜−
i
q˜)(δ
u
ab)LL,
Cg−penguin4 =
αsαW
m2q˜
4∑
i=1
3∑
a,b=1
|Vi1|2K∗a2Kb1fg(xχ˜−
i
q˜)(δ
u
ab)LL,
Cg−penguin5 = −
αsαW
3m2q˜
4∑
i=1
3∑
a,b=1
|Vi1|2K∗a2Kb1fg(xχ˜−
i
q˜)(δ
u
ab)LL,
Cg−penguin6 =
αsαW
m2q˜
4∑
i=1
3∑
a,b=1
|Vi1|2K∗a2Kb1fg(xχ˜−
i
q˜)(δ
u
ab)LL,
Cg−penguin8 = −
παW
m2q˜
4∑
i=1
3∑
a,b=1
K∗a2Kb1{|Vi1|2F2(xχ˜−
i
q˜)(δ
u
ab)LL
+Ui1V
∗
i1
mχ˜−
i
ms
F4(xχ˜−
i
q˜)(δ
u
ab)LR},
Cγ−penguin7 = −
παW
m2q˜
4∑
i=1
3∑
a,b=1
K∗a2Kb1{|Vi1|2
[
F1(xχ˜−
i
q˜) +QuF2(xχ˜−
i
q˜)
]
(δuab)LL
5
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Figure 1: Leading supersymmetric box and penguin diagrams contributing to ǫ′,
A, B, C = (L, R).
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+Ui1V
∗
i1
mχ˜−
i
ms
[
F3(xχ˜−
i
q˜) +QuF4(xχ˜−
i
q˜)
]
(δuab)LR},
CZ−penguin3 =
α2W
m2Z cos
2 θW
3∑
a,b=1
K∗a2Kb1{
4∑
i=1
|Vi1|2(−1 + 4
3
sin2 θW )fZ(xχ˜−
i
q˜) (8)
+
4∑
i,j=1
Vi1V
∗
j1
(
(ZL)
R
ijf
(1)
Z (xχ˜−
i
q˜, xχ˜−
j
q˜) + (ZL)
L
ijf
(2)
Z (xχ˜−
i
q˜, xχ˜−
j
q˜)
)
}(δuab)LL,
where xab = m
2
a/m
2
b . There is no chargino box contribution to C3 and C6 because of the
color structure. Similarly, there is no photon and ZL penguin contribution to C4 and
C6. The photon penguin gives zero contribution to C3 and C5 after the sum over quarks.
Similarly, the ZL penguin gives zero contribution to C5. We neglect contributions from
the ZR penguin since they are smaller by m
2
ZL
/m2ZR than the contributions from the ZL
penguin. The notations of various vertices, mixing matrices and functions are defined in
the appendix. The coefficients C˜i are obtained from the coefficients Ci by the exchange
L↔ R.
2.2 Hadronic Matrix Elements
We list here for completeness the relevant matrix elements of operators, which can be
found in Ref. [15]
〈(ππ)I=0|Q3|K〉 = X
3
,
〈(ππ)I=0|Q4|K〉 = X,
〈(ππ)I=0|Q5|K〉 = −Y
3
,
〈(ππ)I=0|Q6|K〉 = −Y,
〈(ππ)I=0|Q8|K〉 = −
√
3
2
1
16π2
11
2
ms
ms +md
f 2K
f 3pi
m2Km
2
pi,
〈(ππ)I=2|Qi|K〉 = 0, i = 3 · · · 6, 8 (9)
where
X =
√
3
2
fpi
(
m2K −m2pi
)
,
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Y =
√
3
2
(fK − fpi)
(
m2K
ms +md
)2
. (10)
From Ref. [16], 〈(ππ)I=0,2|Q7|K〉 is proportional to the photon condensate, thus it must
be very small and negligible. Accordingly the contribution to ǫ′ of Cγ−penguin7 can be
neglected. The matrix elements of the operators Q˜i can be obtained by multiplying the
corresponding matrix elements of Qi by (−1).
Putting all the above together, we can calculate the CP violating ratio ǫ′/ǫ
ǫ′
ǫ
= − ω√
2|ǫ|ReA0
(
ImA0 − 1
ω
ImA2
)
, (11)
where ω = ReA2/ReA0 and the amplitudes are defined as
AIe
iδI =< (ππ)I |H∆S=1eff |K >, (12)
with the isospin of the final two-pion state I = 0, 2, and δI ’s are strong phases induced
by final state interactions, δ2 − δ0 is close to π/4.
3 Numerical Analysis
In this section we present the results of our analysis for the individual bounds on (δu12)AB,
obtained by selecting only one source of flavor violation and neglecting interference be-
tween different sources. Setting the CKM phase to zero, therefore there is no SM contri-
bution to ǫ′. The constraints are obtained by requiring the LRSUSY contributions alone
to saturate the experimental value for ǫ′/ǫ. Therefore the bounds are conservative.
We choose all trilinear scalar couplings in the soft supersymmetry breaking La-
grangian to be universal: Aij = Aδij and µij = µδij , and we fix A to be 100 GeV,
the higgsino mixing parameter µ = 200 GeV, and tan β = 5 throughout the analysis. We
also demand that the chargino masses satisfy the current experimental bounds.
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The bounds on (δu12)LL are presented in Table 1. From Eq. 8, the box, gluon-penguin
and photon-penguin contributions are proportional to 1/m2q˜ , while the ZL-penguin con-
tribution is proportional to 1/m2Z . Thus the ZL-penguin contribution dominates over all
other contributions as m2q˜ are expected to be larger than m
2
Z . Our bounds on (δ
u
12)LL are
comparable with previous bounds of Khalil and Lebedev [12], and they are also the same
order of magnitude as the bounds on (δd12)LL obtained from the gluino contributions to ǫ
′
[17]. The values we obtained are always of O(10−1) and fairly stable over a large range of
chargino and squark mass parameters. What is different in this model from the MSSM
is that, due to the mass parameters and symmetry of the model in the chargino sector,
to a good approximation we get the same bounds on (δu12)RR.
ML / mq˜ (GeV) 300 500 700 900
150 0.10 0.14 0.16 0.18
250 0.18 0.29 0.42 0.57
350 0.23 0.30 0.38 0.46
450 0.29 0.38 0.42 0.50
Table 1 Limits on |Im(δu12)LL| from ǫ′ for different values of ML = MR and mq˜, with
tanβ = 5 and µ = 200 GeV. The bounds are insensitive to tan β in the range of 2 − 30
and µ in the range of 200− 500 GeV.
The bounds on (δu12)LR are presented in Table 2. These bounds come from the gluon
and photon penguins; as before we would obtain approximately the same bounds on
(δu12)LR as on (δ
u
12)RL. As there is a large factor mχ˜−
i
/ms in the penguin LR contributions,
the bounds on (δu12)LR are tighter by 1-2 orders of magnitude than the bounds on (δ
u
12)LL.
These bounds are also less stable than the previous ones, and can vary by a factor of 102
over the range of chargino and squark masses explored. Both sets of bounds are rather
insensitive to other parameters, such as tan β or the higgsino mixing parameter µ, over
a low-intermediate range of values.
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ML / mq˜ (GeV) 300 500 700 900
150 4.48× 10−4 3.84× 10−3 1.76× 10−2 5.79× 10−2
250 1.40× 10−3 5.55× 10−3 2.02× 10−2 5.74× 10−2
350 1.34× 10−3 5.08× 10−3 1.58× 10−2 4.09× 10−2
450 1.12× 10−3 2.16× 10−3 1.21× 10−2 2.98× 10−2
Table 2 Limits on |Im(δu12)LR| from ǫ′ for different values of ML = MR and mq˜, with
tanβ = 5 and µ = 200 GeV. The bounds are insensitive to tan β in the range of 2 − 30
and µ in the range of 200− 500 GeV.
4 Conclusions
We have studied the chargino contributions to the CP violating ratio ǫ′/ǫ in the LRSUSY.
Assuming the CP violation to arise from the supersymmetric contributions only, we
derived bounds on the imaginary parts of the supersymmetric flavor violation parameters
in the LL, RR, LR and RL sectors of the up squark mass matrix, under the assumption
that only one such insertion dominates. The bounds in the LL sector are of O(10−1), they
agree with the corresponding bounds obtained in the MSSM, and are weak compared to
down squark mass insertion bounds. The bounds on the LR mass insertions are much
stronger (of O(10−4 − 10−2)) and new to this analysis: no similar bounds exist for the
MSSM. Comparing this analysis with the previous results coming from the up squark
sector of the K0 −K0 parameter ǫ [10], we see that the constraints from ǫ′/ǫ are weaker
by one or more orders of magnitude. Therefore, even if more than one mass insertion
would drive the CP violation, the constraints cannot be made to coincide. Thus, in the
LRSUSY, as in the MSSM, supersymmetric contributions coming from complex mass
insertions in the squark mass matrices fail to saturate both ǫ and ǫ′/ǫ, and thus cannot
be responsible alone for the CP violation.
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Appendix
For self-sufficiency, we list the mass-squared matrices for charginos and neutralinos,
relevant Feynman rules and functions used for this calculation.
The terms relevant to the masses of charginos in the Lagrangian are
LC = −1
2
(ψ+, ψ−)
(
0 XT
X 0
)(
ψ+
ψ−
)
+H.c. , (13)
where ψ+ = (−iλ+L ,−iλ+R, φ˜+u1, φ˜+d1)T and ψ− = (−iλ−L ,−iλ−R, φ˜−u2, φ˜−d2)T , and
X =


ML 0 gLκu 0
0 MR gRκu 0
0 0 0 −µ
gLκd gRκd −µ 0

 , (14)
where we have taken, for simplification, µij = µδij . The chargino mass eigenstates χ˜i are
obtained by
χ˜+i = Vijψ
+
j , χ˜
−
i = Uijψ
−
j , i, j = 1, . . . 4, (15)
with V and U unitary matrices satisfying
U∗XV −1 = MD, (16)
The diagonalizing matrices U∗ and V are obtained by computing the eigenvectors corre-
sponding to the eigenvalues of X†X and XX†, respectively.
The vertices of ZL-chargino-chargino are given by
(ZL)
L
ij = Vi1V
∗
j1 +
1
2
Vi3V
∗
j3 +
1
2
Vi4V
∗
j4 − sin2 θW δij , (17)
(ZL)
R
ij = U
∗
i1Uj1 +
1
2
U∗i3Uj3 +
1
2
U∗i4Uj4 − sin2 θW δij . (18)
The relevant functions are listed in the following
B
(1)
χ˜−(x, y) =
1
8(x− y)
[−3x2 + 4x− 1 + 2x2 log x
(x− 1)3 − (x→ y)
]
, (19)
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B
(2)
χ˜−(x, y) =
√
xy
1
2(x− y)
[−x2 + 1 + 2x log x
(x− 1)3 − (x→ y)
]
, (20)
fg(x) =
1− 6x+ 18x2 − 10x3 − 3x4 + 12x3 log x
18(x− 1)5 , (21)
fγ(x) =
22− 60x+ 45x2 − 4x3 − 3x4 + 3(3− 9x2 + 4x3) log x
27(x− 1)5 , (22)
F1(x) =
−1 + 9x+ 9x2 − 17x3 + 18x2 log x+ 6x3 log x
12(x− 1)5 , (23)
F2(x) =
−1− 9x+ 9x2 + x3 − 6x log x− 6x2 log x
6(x− 1)5 , (24)
F3(x) =
1 + 4x− 5x2 + 4x log x+ 2x2 log x
2(x− 1)4 , (25)
F4(x) = −x2 5− 4x− x
2 + 2 log x+ 4x log x
2(x− 1)4 , (26)
fZ(x) =
−1 + 4x− 3x2 + 2x2 log x
8(x− 1)3 , (27)
f
(1)
Z (x, y) =
1
2(x− y)[
x2 log x
(x− 1)2 −
1
x− 1 − (x→ y)], (28)
f
(2)
Z (x, y) =
√
xy
1
(x− y)[
−x log x
(x− 1)2 +
1
x− 1 − (x→ y)]. (29)
References
[1] J. H. Christenson, J. W. Cronin, V. L. Fitch and R. Turlay, Phys. Rev. Lett. 13,
138 (1964).
[2] B. Aubert et al., BABAR Collaboration, Phys. Rev. Lett. 87, 091801 (2001).
[3] K. Abe et al., BELLE Collaboration, Phys. Rev. Lett. 87, 091802 (2001).
[4] J. R. Batley et. al., NA48 Collaboration, Phys. Lett. B544, 97 (2002).
[5] Particle Data Group, Phys. Rev. D66, 1 (2002).
[6] E. Gabrielli and G. F. Giudice, Nucl. Phys. B433, 3 (1995), Erratum-ibid. B507,
549 (1997); Y.-Y. Keum, U. Nierste and A. I. Sanda, Phys. Lett. B457, 157 (1999);
12
A. Masiero and H. Murayama, Phys. Rev. Lett. 83, 907 (1999); A. J. Buras, G.
Colangelo, G. Isidori, A. Romanino and L. Silvestrini, Nucl. Phys. B566, 3 (2000);
A. Kagan and M. Neubert, Phys. Rev. Lett. 83, 4929 (1999); G. Eyal, A. Masiero,
Y. Nir and L. Silvestrino, JHEP 9111 (1999) 032.
[7] X-G. He and B. H. J. McKellar, Phys. Rev. D51, 6484 (1995); X-G. He, Phys.
Lett. B460, 405 (1999).
[8] C-S. Huang, W-J. Huo and Y-L. Wu, hep-ph/0005227.
[9] J. Agrawal and P. Frampton, Nucl. Phys. B419, 254 (1994).
[10] M. Frank and S. Nie, hep-ph/0303115.
[11] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B477, 321
(1996); H. Konig, Z. Phys. C73, 161 (1996); S. Baek, J.-H. Jang, P. Ko and J. H.
Park, Nucl. Phys. B609, 442 (2001).
[12] A. J. Buras, P. Gambino, M. Gorbahn, S. Jager and L. Silvestrini, Nucl. Phys. B592,
55 (2001); S. Khalil and O. Lebedev, Phys. Lett. B515, 387 (2001).
[13] M. Cvetcˇ and J. Pati, Phys. Lett. B135 (1984) 57; R. Francis, M. Frank, C. S.
Kalman, Phys. Rev. D43 (1991) 2369. R. N. Mohapatra and A. Rasˇin, Phys. Rev.
D54 (1996) 5835; R. Kuchimanchi, Phys. Rev. Lett. 79 (1996) 3486; R. N. Moha-
patra, A. Rasˇin and G. Senjanovic´, Phys. Rev. Lett. 79 (1997) 4744; C. S. Aulakh,
K. Benakli, G. Senjanovic´, Phys. Rev. Lett. 79 (1997) 2188; C. S. Aulakh, A. Melfo
and G. Senjanovic´, Phys. Rev. D57 (1998) 4174.
[14] L. J. Hall, V. A. Kostelecky and S. Raby, Nucl. Phys. B267, 415 (1986).
[15] A. J. Buras, M. Jamin and M. E. Lautenbacher, Nucl. Phys. B408, 209 (1993).
13
[16] G. C. Branco, M. E. Gomez, S. Khalil and A. M. Teixeira, hep-ph/0204136.
[17] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini in [11].
14
